Abstract The tarnishing test in the presence of hydrogen sulfide (H2S) vapors has been used to investigate the tarnish resistance capability of copper-based alloys coated with SiO2-like films by means of plasma-enhanced chemical vapor deposition (PECVD) fed with a tetraethoxysilane/oxygen mixture. The chemical and morphological properties of the films have been characterized by using infrared absorption spectroscopy (IR) and scanning electron microscopy (SEM) with energy disperse spectroscopy (EDS). The corrosion products of the samples after the tarnishing test have been identified by X-ray diffraction analysis (XRD). It has been found that SiO2-like films formed via PECVD with a high O2 flow rate could protect copper-based alloys from H2S vapor tarnishing. The alloys coated at the O2 flow rate of 20 sccm remain uncorroded after 54 days of H2S vapor tarnish testing. The corrosion products for the alloys deposited at a low O2 flow rate after 54 days of tarnish testing are mainly composed of brochantite.
Introduction
Copper and copper-based alloys have been widely used to manufacture decorative and functional objects due to their remarkable castability, variety of colors, and excellent corrosion resistance. However, the surfaces of alloys are modified upon exposure to air in the presence of oxygen and pollutants. The surfaces of alloys gradually transform from salmon-pink to darker brown during air exposure because chemical reactions occur in the sulfur-containing compounds environment. The surface layer of alloys turns green, commonly known as patina, which is formed on copper and its alloys after prolonged outdoor or indoor exposure [1−3] . As far as the valueless tarnished layer is concerned, the formation of patinas needs to be avoided. The layer can be removed by means of commercial liquid cleaners, or foams and creams. However, creams containing abrasive compounds can also remove a very thin layer of copper, resulting in increased probability of surface damage. Furthermore, some of the solutions used to dissolute copper sulfide are outlawed because of their toxicity [1] . It is urgent and necessary to find a solution to solve the tarnishing problem of alloys. One of the possible ways is to deposit a protective film on the surface of copper and copper-based alloys.
Plasma-enhanced chemical vapor deposition (PECVD) has been utilized to deposit thin films on a substrate. The PECVD of silicon-containing organic compounds is an attractive treatment technique for the surface modification of metallic materials to protect them from tarnishing [4−8] . Chou et al. [9] investigated the deposition of fluorinated diamond-like carbon (F-DLC) films on Ti6Al4V substrates by using a radio frequency PECVD technique using a mixture of methane (CH 4 ) and tetrafluoromethane (CF 4 ) gases. Saadi et al. [10] prepared thin amorphous silicon (aSi:H) and carbonated silicon layers on stainless steel substrates using PECVD. Schindhelm et al. [11] investigated the deposition of thin plasma polymer films on zinc alloy coated steel substrates for automotive applications by PECVD. Such plasma polymer films of just a few 100 nm thickness show excellent barrier and adhesion properties as well as a high mechanical stability. Angelini et al. [12, 13] investigated the surface modification of different metallic substrates using PECVD of SiO 2 -like coatings in order to improve their resistance to corrosion. They found that the protective effectiveness of PECVD coatings may be related to their barrier effect against the diffusion of water and other gaseous aggressive agents presented in the environment. In addition, titanium carbide (TiC) based coatings [14] and boron phosphide coatings [15] , also prepared by PECVD, are attractive candidates for the protection of alloys against corrosion.
In this study, the copper-based alloys have been coated with SiO 2 -like films by PECVD fed with a tetraethoxysilane (TEOS)/oxygen mixture, and the tarnish resistance properties of the films in the presence of H 2 S vapors were investigated.
Experiment
The experimental equipment used for the PECVD is a homemade parallel-plate reactor with an asymmetric electrode configuration. The upper electrode is connected to a 13.56 MHz RF (radio frequency) power supply through an impedance matching unit, where a bottom electrode is connected to ground. The flow rate and composition of the feed gas are controlled by electronic mass flow meters and a vapor source controller. The chamber is evacuated by using a turbomolecular pumping apparatus.
The Cu-based alloys (wt%: Ag 95.5, Cu 3.5) were mirror polished and cleaned with ethanol in an ultrasonic bath for 15 min. Film depositions were prepared by applying the RF power with a gas mixture containing tetraethoxysilane (TEOS), oxygen and argon, according to the experimental conditions shown in Table 1 . The film thickness ranges from 200 nm to 300 nm, as determined by means of field emission scanning electron microscopy (FESEM). After the plasma deposition, some of the samples were sputtered to measure impedance. The pads appear as small squares in the images (the image areas interested by such pads were excluded by all subsequent analysis).
The tarnishing tests were conducted both on coated samples and an uncoated sample inside a chamber at room temperature (20 ±2 o C) in the presence of H 2 S vapors. The concentration of H 2 S, which was measured by using an electrochemical commercial sensor, was kept at 10 ppm or so with a single injection per day.
The chemical properties of the films were characterized by using Fourier-transform infrared absorption spectroscopy (FT-IR) on films deposited onto polished silicon. The images of the sample surfaces after the tarnishing tests were captured with a high resolution digital camera (Lumix G1 by Panasonic). Morphological characterization of the samples after the tarnishing tests was conducted by scanning electron microscopy (SEM-EDS, Philips 515 scanning electron microscope and an EDAX 9900 energy dispersion microprobe). The phase analysis of the corrosion products was performed with an X-ray diffraction spectrometer (XRD) at the scanning rate of 0.4 o /min.
Results and discussion
In order to study the chemical composition of the films coated by PECVD, FT-IR investigations have been performed on thin films deposited at a fixed input power of 250 W. Fig. 1 [16, 17] . As can be seen in Fig. 1 , the absorption features are consistent with an inorganic SiO x matrix and no evidence of the typical bands of organic moieties has been detected. Furthermore, the Si-O-Si bands exhibit two characteristic absorption peaks at 1060 cm −1 and 1103 cm −1 with O 2 flow rate of 1 sccm. The double humps of Si-O-Si stretching absorption bands are changed into a single peak with increasing O 2 flow rate. The Si-OH bending absorption band disappears when the O 2 flow rate exceeds 1 sccm, indicating that the silanol is removed by fragmentation and oxidation [17] . In order to investigate the tarnish resistance of the films coated by PECVD, tarnishing tests in the presence of H 2 S vapors have been conducted for samples 1-5. As shown in Fig. 2 , the surfaces of the samples were observed with digital camera after 10 days of tarnishing test. One can see that sample 2 and sample 5 are completely corroded by H 2 S vapors. A slight tarnishing is observed on the surface of sample 3. The edges of both samples 1 and 4 begin to turn pink, but no corrosion defect is detected on the surface. Fig.2 Surface images of the samples after 10 days of tarnishing tests Fig. 3 shows the surface morphology of sample 1, sample 2, sample 3, and sample 5 after 10 days of tarnish testing. It can be seen that the surface of sample 1 keeps quite good after 10 days of tarnishing tests, whereas both the surfaces of sample 2 and sample 5 are nearly completely covered with corrosion products. Compared with other samples, little corrosion products are formed on the surface of sample 3. In order to investigate the composition of the surfaces of sample 2 and sample 3 after 10 days tarnishing test, the microzones of SEM micrographs are analyzed by EDS and the results are given in Table 2 . The EDS results of microzones A and D in the black area in Fig. 3(b) and Fig. 3(c) show that both of them contain mainly silicon, oxygen, and carbon (trace copper detected in microzone D), indicating that the black area belongs to the film since the SiO x layer prepared by PECVD is amorphous and often contains C besides Si and O. The detection of trace Cu in microzone D can be attributed to the X-ray penetration through the thin layer. The EDS results of microzone B in the gray area in Fig. 3(b) show that it consists mainly of copper, oxygen, and sulfur, whereas the microzone C in the gray area in Fig. 3(c) is mainly composed of copper, silver, oxygen, sulfur, trace silicon, and carbon. The existence of sulfur in the gray area of sample 2 and sample 3 suggests the formation of corrosion products after 10 days H 2 S vapor tarnishing test. The presence of silver and trace silicon could be attributed to the substrate and trace left SiO 2 -like film.
In order to investigate the protection performance of the SiO 2 -like film against H 2 S vapor tarnishing, all the coated alloys are kept in the H 2 S vapor environment for 54 days. Fig. 4 shows the SEM micrographs of the surfaces of samples 1-4 after 54 days of tarnishing tests. One can see that the surfaces of sample 1 and sample 4 are uniform, whereas the surfaces of sample 2 and sample 3 are further corroded in the presence of H 2 S vapor. The compositions of some microzones in the black area and the gray area of sample 2 and sample 3 are analyzed by EDS and the results are also shown in Table 2 . The obtained results indicate that the black area belongs to the SiO 2 -like film, which is mainly composed of Si, O, and C. The corrosion products mainly are distributed in the gray area, which mainly consists of Cu, O, and S. Fig. 5 shows the surface images of both sample 1 and sample 4 after 54 days of tarnishing tests. It can be seen that the surfaces of both samples are uniform and uncorroded, indicating that the film coated by PECVD can effectively protect the copper-based alloys from H 2 S vapor tarnishing. Table 2 . The compositions of some microzones in the SEM micrographs shown in Fig. 3 and Fig. 4 Microzone Compositions (at %) Remarks Regarding the deposition of copper-based alloys with different O 2 flow rates, the tarnish resistance performance of films improves with increasing O 2 flow rate. Since the ionization energy of an oxygen atom is lower than that of argon and the mobility of their ions is larger than that of argon ions, the fragmentation degree of the precursor at higher oxygen concentration is expected to be higher. The properties of the films improve with increasing O 2 flow rate, in fact, following the removal of the hydrocarbon component from the precursor's chemical structure. The presence of silanols at low O 2 flow rate results in a less packed molecular structure in the films, leading to a higher permeability to the reactant H 2 S. Meanwhile, silanols often react by themselves, which increases the instability of the films [1, 6] . The poor protective property of sample 2 can be ascribed to the inadequate formation of inorganic SiO 2 -like film and/or the instability of the coating. Fig. 6 shows the FESEM images of the PECVD SiO 2 -like films deposited at the same O 2 flow rate of 20 sccm. The SiO 2 -like films show a high compactness degree, which indicates that the SiO 2 -like films play an important role in protecting the sample from H 2 S vapor tarnishing.
In order to know the phase composition of the surfaces of samples after tarnishing tests, sample 1, sample 2 and sample 4 were analyzed with XRD after 54 days of H 2 S vapor tarnishing tests and the patterns are presented in Fig. 7 . The XRD analysis of the surfaces of sample 1 and sample 4 reveals that the tested surfaces are mainly composed of Cu and Ag. The absence of SiO 2 -like phases could be attributed to the amorphous state of SiO 2 -like film and the difficulty in XRD detection of thin films (about 250 nm thick, as seen in Fig. 6 ). The XRD analysis of the surface of sample 2 indicates the existence of brochantite (Cu 4 SO 4 (OH) 6 ) besides Cu and Ag. Taking into account the results of the SEM and EDS analyses, which suggest that the main phases of the corrosion products contain copper, sulfur, and oxygen, one can conclude that the main corrosion product brochantite could be formed on the surface of the Cu-Ag alloy in the presence of H 2 S vapor. The formation of brochantite can be explained as in Refs. [18, 19] , which pointed out that the initial form of copper in H 2 S environments is chalcocite (Cu 2 S), and the chalcocite is later oxidized to covellite (CuS), afterwards the covellite co-exists with brochantite (Cu 4 SO 4 (OH) 6 ). 
Conclusion
SiO 2 -like films prepared by PECVD with a high O 2 flow rate could protect copper-based alloys from H 2 S vapor tarnishing. The performance of tarnish resistance improves with increasing O 2 flow rate at a fixed input power. The alloys coated by PECVD at the O 2 flow rate of 20 sccm keep uncorroded after 54 days of tarnishing testing in the presence of H 2 S. The corrosion product of the alloys deposited at low O 2 flow rates is mainly composed of brochantite.
